The members of the uncoupling protein family have different purported functions, which can be either directly or indirectly related to the control of body weight. In this sense, a great part of the studies carried out on this topic have been made using male subjects, although different works with male and female subjects have shown important sex-associated differences in the regulation of these proteins; for instance, sex differences have been shown in the cold-, diet-and overweight-induced expression of brown adipose tissue UCP1 and also in the correlation of muscle UCP3 with overweight. In these kinds of studies, models of obesity such as the cafeteria diet feeding and postcafeteria have been very useful. Moreover, sex hormones have been shown to modulate UCP1 expression in brown adipocytes in vitro. All of these sex-dependent differences, as well as sex differences in body weight gain under a hypercaloric diet, could be related to the different respective biological functions of male and female subjects and taking into account the gender effect in future studies on obesity could be of interest.
The family of the uncoupling proteins, inner mitochondrial membrane proteins, has several members with different purported functions. The uncoupling protein 1 FUCP1F a brown adipose tissue (BAT)-specific protein and first to be discovered, is the main mediator of adaptive thermogenesis in that tissue. When active, UCP1 can dissipate energy as heat by uncoupling oxidative phosphorylation. 1, 2 BAT plays an important role in energy homeostasis in rodents, but it is scarce in adult humans; thus, the discovery of other members of the uncoupling protein family that are expressed in different mammalian tissues apart from BAT, such as UCP2 and UCP3, has sparked a renewed interest on the potential involvement of uncoupling proteins in human energy metabolism. For instance, UCP3 is mainly expressed in BAT and skeletal muscle. [3] [4] [5] Different reports (reviewed in Ricquier and Bouillaud 2 ) showed that UCP2 and UCP3 have uncoupling activity when ectopically expressed in heterologous yeast expression systems and in mammalian cells, although this activity seems uncontrolled and may not represent their physiological function. Also, transgenic mice overexpressing human UCP3 in muscle are lean even though they are hyperphagic, 6 although the increased energy expenditure in the muscles of these animals was later attributed to a transgenesis artefact, 7 and the possible role of UCP3 in regulated energy dissipation is still controversial. Additionally, results from Cannon, Nedergaard and co-workers with UCP1 knockout mice strongly suggest that UCP1 is probably the only physiologically relevant uncoupling protein for thermogenesis (reviewed in Nedergaard and Cannon 8 ). Apart from regulatory thermogenesis, other physiological roles, some of which can also be related to the body weight control system, have been proposed for the novel UCPs: such as the regulation of ATP production by mitochondria, the control of the NADH/NAD þ ratio, the limitation of reactive oxygen species (ROS) production, and the enhancement of lipid utilization (reviewed in Ricquier and Bouillaud 2 ). A role of UCP2 and UCP3 in lipid metabolism is consistent with the fact that their gene expression in muscle shifts from a state of upregulation during fasting, when lipid fuel utilization in muscle is increased, to a state of downregulation below control levels during refeeding, when body fat deposition is increased. 9 Additional support for a role of UCP3 in lipid utilization is the discovery in humans of an association between certain polymorphisms of the UCP3 gene and a marked reduction of basal lipid oxidation. 10 The mechanism(s)
by which UCPs may enhance lipid catabolism is still unknown, but could rely on their ability to transport fatty acid anions outside of the mitochondrial matrix.
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In a major part of the rodent studies on obesity or on BAT and muscle UCPs, only male animals have been considered. However, previous results of our group demonstrate the existence of sex-associated differences in cold-, 12 diet- 13, 14 and overweight-induced 15 stimulation of the expression of the main uncoupling protein in BAT, the UCP1. In some of these studies, two physiological obesity models were used. The first model comprised rats made obese by chronic feeding (14 weeks) ad libitum with a palatable, hypercaloric, high-fat diet known as cafeteria diet; the cafeteria diet involves feeding experimental animals a choice of palatable human food items to stimulate energy intake, and has been used extensively to study diet-induced thermogenesis. 16 The second model was made up by overweight rats fed a chow diet for 10 weeks after they had consumed the cafeteria diet for 14 weeks. The latter model, known as postcafeteria obesity (see Rodríguez et al 15 and references therein), allows to distinguish the effect of overweight itself from the effect of dietary energy content (see Figure 1 ). Upon chronic cafeteria diet feeding, female rats have been shown to attain a larger excess of body weight than males; and their BAT, although hypertrophied, shows no signs of increased thermogenic potential per gram of tissue. This is the opposite of what happens to males, which show BAT hypertrophy plus increased BAT thermogenic capacity, including UCP1 and UCP2 enhanced expression 13 . Interestingly, the BAT of female lean control rats has been shown to be already activated in comparison to that of males, probably due to a lower threshold for cold-induced BAT activation, as has been previously reported. 12 To the contrary, this situation is quite different after the postcafeteria period, since BAT thermogenic capacity of postcafeteria females is more efficiently activated than in males (including UCP1, 2 and 3 enhanced expression), and females show greater weight loss. 15 Studies on the changes of skeletal muscle UCP3 mRNA expression in both male and female rats also have recently provided evidence for sex-dependent differences in the regulation of skeletal muscle UCP3 expression, in response to overweight, overfeeding and fasting, 17 all analysing both cafeteria and postcafeteria models of obesity. A trend has been shown in which there is a higher induction of abdominal muscle UCP3 mRNA in male rats than in females after cafeteria diet. Furthermore, postcafeteria male, but not female, rats still show a tendency to have increased UCP3 mRNA levels relative to their age-matched controls. In the same work, linear regression analysis showed a significant positive correlation of the UCP3 mRNA levels with overweight and with serum levels of leptin and insulin in males, but not in females, and no correlation with serum-free fatty acid levels. A subsequent correlation analysis and a multiple linear regression analysis showed that overweight was the only parameter actually related to UCP3 mRNA levels in males. Additionally, fasting-induced upregulation of muscle UCP3 mRNA levels was higher in males than in females. Taking into account the possible role of UCP3 in lipid handling, induction of muscle UCP3 expression may allow an increase of the use of lipids as fuel substrate, which, in the face of a dietary oversupply (high-fat cafeteria diet feeding), could contribute to a relative reduction in body weight gain. In this manner, the trend to a more efficient induction of muscle UCP3 expression in response to the dietary challenge found in male rats may be part of the explanation why they have a much lower percentage of overweight at the end of the cafeteria period (39%) than females (59%). 15, 17 This result cannot be solely accounted for by the slight differences found in energy intake, 13 and is also related with the more efficient activation of BAT in males after chronic cafeteria diet feeding reported above. Data from knockout mice also support the idea that enhanced induction of muscle UCP3 in male rats may contribute to their relative resistance to a body weight gain when offered a high-fat diet, as an increased tendency to diet-induced obesity has been observed in male, but not in female, UCP3 knockout mice, when compared to their sex-matched wild-type controls. 18 In addition, a defective dietary induction of UCP3 in skeletal muscle has been described in obesity-prone male rats. 19 The sexual differences observed in muscle UCP3 induction 17 and also in UCP1, UCP2 and UCP3 in BAT in previous works 13, 15 could be mediated, at least in part, by some sex steroids, either by a direct influence on UCPs expression or indirectly by influencing other tissue parameters. In fact, sex hormones are known to influence different features of skeletal muscle in rodents, such as fibre diameter 20 and myosin heavy chain expression. 21 Remarkably, progesterone
and testosterone have been recently demonstrated to regulate the expression of UCP1 in brown adipocytes differentiated in culture. 22 Sex-dependent regulation of BAT UCPs Fmainly UCP1F and skeletal muscle UCP3 expression 13, 15, 17 may have a physiological significance. In particular, the reduced ability 14 weeks 10 weeks
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Cafeteria diet Standard diet Figure 1 The obesity models of chronic cafeteria diet feeding and postcafeteria diet. The design for establishing experimental groups is shown. The experimental animals are given a highly palatable hypercaloric cafeteria diet for 14 weeks (cafeteria model) and standard chow diet for 10 weeks after having received the cafeteria diet for 14 weeks, this constitute the postcafeteria model, which allows distinguishing the effect of overweight itself from the effect of the dietary energy content, since the age-matched controls and the postcafeteria animals have been demonstrated to have the same energy intake.
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UCPs and gender AM Rodríguez and A Palou of female rats, compared to males, to induce muscle UCP3 and BAT UCP1 over the basal levels with cafeteria diet feeding, as reported above, could contribute to the higher capacity of females to save fat stores when food is in excess, and could be an advantage to face the biological functions only present in females, pregnancy and lactation for example. On the other hand, taking into account the results obtained with the postcafeteria model, an interesting possibility raises: although females seem to be more prone to gain weight when offered a palatable cafeteria diet, they also seem to have a higher ability to loose weight under a standard diet. 15 Thus, it would seem that the body weight control system could have a wider margin for environmental adaptation in females.
In conclusion, in regards to the role of UCPs in the control of energy balance, which is now widely accepted for UCP1 in the BAT of small mammals, a controversy remains whether this function could be extended to humans. However, marked gender differences in the control of UCPs exist and they should be taken into account in future studies regarding the potential implication of these proteins in obesity.
